ABSTRACT
Since Bungard et al (1999) an additional xanthophyll cycle (the Lx-cycle), involving the α -carotene (α-C) pathway pigments lutein (L) and lutein epoxide (Lx), has been recognized in many diverse taxa (García-Plazaola et al 2003; Matsubara et al 2003 Matsubara et al , 2008 .
The Lx-cycle is distinctive in that in some species it was reversible with kinetics similar to that of the V-cycle ( confounded by responses of stomata and CO 2 supply (Takayama et al 2008) , by photosynthetic induction following treatment, and by xanthophyll de-epoxidation during the measurement. In contrast, the light response curve traditionally used to distinguish biochemical and physiological relationships in sun and shade plants (Björkman 1981) , has found less application in these model systems (Russell et al 1996; Bailey et al 2001; Pérez-Bueno and Horton 2008) . We tailored rapid light response curves (RLRC) using chlorophyll fluorescence (Schreiber et al 1994; White and Critchley 1999) to the requirements of avocado shade leaves. These minimized de-epoxidation during the assay and facilitated quantitative analysis of NPQ while monitoring opening of stomata and induction of photosynthetic metabolism following light treatments.
Rapid light response curves were used to differentiate and quantitatively compare three components of the capacity for NPQ in avocado leaves that are expressed following inter-conversions of xanthophyll pigments. Semantic confusion that has emerged from use of the terms qE and qN (Horton et al 1996) , particularly in reference to different components of energy-dependent quenching, distinguished on different criteria, in different species and treatments led us to a simple designation the three types of NPQ in shade leaves of avocado with subscripts as follows:
(i) NPQ Δ pH in dark adapted, un-induced leaves with closed stomata that contain high concentrations of Lx and V and extremely low levels of A and Z. We presume this component is associated with development of Δ pH in chloroplast thylakoid membranes in the absence of external CO 2 (Krause et al 1982) during assay, prior to de-epoxidation of Lx and V.
(ii) NPQ Δ LAZ assayed in leaves after modest light exposures that open stomata, induce photosynthetic metabolism and lead to partial but stoichiometric de-epoxidation in the Lxand V-cycles. We presume this component is associated with the stabilization of NPQ by both Δ L and A+Z.
(iii) NPQ Δ L in leaves treated as in (ii) but assayed after the 24-72 h in the dark following almost complete epoxidation of the V cycle (disappearance of A+Z) but not of Lx.
We presume this component is associated with stabilization of NPQ by Δ L alone.
In this paper we provide the first direct evidence that the capacity of NPQ , leaving other parts of the leaf exposed to the weak afternoon sunlight (300 µmol photons m -2 s -1 ) for 90 min. As shown in Fig. 1 (Matsubara et al 2008) . Seeking a compromise between the actinic light intensity needed to produce good resolution of kinetic responses and that needed to minimize de-epoxidation during assays (Fig. 2 B) , we chose a Light treatments caused an initial de-epoxidation of ~ 30% of both Lx and V pools with practically no change in PSII efficiency indicated by steady F v /F m (Fig. 3 A) . Pigment composition changed little during 1 h dark following treatment. V-cycle DS declined by onethird, mainly due to epoxidation of about half the Z pool, without change in the pools of A or L. Although 1-qP was depressed by 20% at low PFD immediately after exposure, the profiles of control and exposed areas were the same after 1 h in the dark (Fig. 3 B) , consistent with the initial increase in ETR that also returned to control levels after 1 h in the dark (Fig. 3 C) .
These responses of 1-qP to light treatment and their relaxation to controls within 1 h dark were similar in all experiments and are not presented in subsequent graphs. Light treatment led to a relatively larger increase in capacity for NPQ at lower light intensities during assay, as well as a higher level of NPQ at light saturation (Fig. 3 D) . Notably, in the presence of A+Z NPQ relaxed more slowly in the dark during assay (Fig. 3 D) . The small decline of the NPQ profile in exposed areas during 1 h dark may reflect the partial epoxidation of the Z pool (Fig. 3 A) .
In general, L was not metabolized during 24 h in the dark, whereas expoxidation of A+Z was practically complete (Fig. 3 A) . Photosynthetic parameters in the Al-foil controls after 21 h in the dark were almost identical to the dark controls at the beginning of the experiment. Profiles of 1-qP (cf. At present we cannot explain the dark-induction of L metabolism.
Another intriguing aspect of the NPQ-pigment relationships was that relaxation kinetics of NPQ were delayed specifically by the presence of A+Z, whereas both NPQ xanthophyll-independent, low-efficiency photoinactivated PSII centers to these observations will be discussed in a subsequent paper.
In conclusion, this study established improved assay methods to analyze xanthophyll pigment-NPQ relationships in avocado shade leaves that resolved three different NPQ components based on the associated xanthophyll de-epoxidation state. Based on these distinctions we were able to provide novel, direct evidence for a special role of the fraction Δ L of the L pool that had been generated by Lx de-epoxidation in conferring higher capacity for NPQ induction while allowing rapid dark relaxation, which implies a direct role of L in photoprotection and may improve the ability of avocado shade leaves to persist during frequent sun flecks. Evaluation of these processes during shade to sun acclimation in avocado shade leaves under laboratory and field conditions will be presented elsewhere.
MATERIALS AND METHODS

Plant material and growth conditions
Seedlings of avocado (Persea americana Mill. cv Edranol) were purchased from Photosynthetic parameters were routinely measured from the upper epidermis, but measurements from the lower epidermis were not significantly different.
Experimental protocols
Small shade-grown avocado trees were moved to the dark lab overnight prior to light treatments to alter xanthophyll pigment composition, but one experiment was done with a plant maintained in the dark lab for 11 d. Sets of two or three adjacent attached leaves of similar size and age in the canopy were part covered with Al-foil and/or black cloth prior to illumination of the rest of the leaf at 120 to 350 µmol photons m -2 s -1 for 60 min using widebeam high-efficiency fluorescent spotlights (Philips PAR38 23W; 2700K warm white). A small leaf disc was punched from foil control and exposed areas of each leaf (or from the larger leaf discs) for pigment analysis before light treatment, and again at the end of the treatment, then after 1 to 3 h dark to relax photosynthetic induction following light treatment and after 21 to 72 h recovery in darkness. As found previously (Förster et al 2009), large avocado leaves were remarkably robust with respect to sampling for pigment analysis.
Moreover, photosynthetic parameters measured adjacent to, or remote from, disc sampling areas were similar in both short-term (hours) and long-term (days) experiments.
Preliminary gas exchange measurements of photosynthesis in leaves of shade-grown plants during induction at 100 µmol photons m -2 s -1 at 25 ºC were very noisy, even at the slowest practicable flow rates. Stomata opened slowly to low conductance that was responsive to CO 2 (20 mmol m -2 s -1 , 7 mmol m -2 s -1 and 3 mmol m -2 s -1 in 100, 400 and 700ppm CO 2 respectively after 20 min). Photosynthetic CO 2 assimilation saturated at 1.5 to 2.0 µmol m -2 s -1 after 5 min in 700 ppm CO 2 , reached 1.0 µmol m -2 s -1 after 20 min in 400 ppm CO 2 , and remained negative in 100 ppm CO 2 . Chlorophyll fluorescence imaging during the above experiments confirmed that NPQ was sensitive to [CO 2 ] and increased most rapidly to highest values in 100 ppm (Takayama et al 2008) . Mature leaves taken from the shade enclosure during the light period showed higher NPQ when a "Vaseline patch" was applied to the lower epidermis. Indeed, we used this simple technique to confirm stomata were closed in leaves dark adapted overnight (no response of ETR or NPQ to a "Vaseline patch") and that stomata were open and photosynthesis was induced following the above actinic light treatments (decreased ETR and increased NPQ in response to a "Vaseline patch"). responsive to actinic light intensity and duration during measurement and these protocols led to photoinhibition, manifest as reductions in ETR during photosynthetic induction curves with >300 µmol photons m -2 s -1 and in rapid light response curves with dwell times of 60 to 120 s at each PFD. More important was our observation that measureable de-epoxidation of V, but not of Lx, occurred during both assays and was always greater during induction assays. A compromise was reached between the actinic light intensity needed to produce acceptable kinetic responses in ETR and NPQ during RLRC assays and that causing the least deepoxidation of V. We settled for eight steps of 30 s duration over the range from 0 to 400 µmol photons m -2 s -1 , followed by measurements at four intervals during 240 s in the dark.
Calculation of photosynthetic parameters
The Likewise, 1-qP=1-((F m '-F)/( F m '-F o ')) was recalculated using the minimum value of F obtained within 100 s after actinic light was switched off as F o '.
Pigment analyses
Leaf discs (1 cm diameter) were punched from treated and control areas of leaves at the times specified in each experiment. Discs were wrapped in foil and immediately frozen in 
